We showed previously that early, long-term monotherapy with high-dose (HD) rosuvastatin (RSV) prevents the progressive LV dysfunction and remodeling seen in dogs with moderate HF [3] . These beneficial effects on LV function and global cardiac remodeling are associated at the cellular level with reduced myocardial fibrosis and myocyte hypertrophy, and with increased capillary density. HD RSV also showed anti-inflammatory properties by downregulating TNF-␣ and gelatinase expression, and stimulated the mobilization of circulating Sca1-positive BMSCs. Similar findings have been partly confirmed in patients with chronic HF [10] , yet the underlying mechanisms and the pathways involved in mediating such positive effects are only partially known.
In this study, we examined the effects -in the LV tissue of dogs with moderate HF -of RSV monotherapy on the mRNA and protein expression of specific prohypertrophic mediators and proinflammatory cytokines and of angiogenetic growth factors, BMSC markers and nitric oxide synthase (NOS) isoforms. In all of these, pleiotropic properties potentially account for the observed beneficial effects of HD RSV in this model of HF.
Methods

Experimental Model
The canine model of chronic postischemic HF used in this study was previously described in detail [11] . In this preparation, LV dysfunction is produced by multiple sequential coronary microembolizations with polystyrene latex microspheres (70-102 m in diameter), which results in loss of viable myocardium. The model presents many of the hemodynamic and neurohormonal sequelae of HF observed in humans, including marked and progressive depression of LV systolic and diastolic function, reduced cardiac output and increased LV filling pressures. In our study, 21 healthy, normocholesterolemic mongrel dogs, weighing between 20 and 30 kg, underwent serial coronary microembolizations to produce HF. To create moderate HF, coronary microembolizations were performed 1-3 weeks apart and were discontinued when the LV EF, determined angiographically, was between 30 and 40%. All the procedures were performed during cardiac catheterization under general anesthesia and sterile conditions. The anesthesia regimen consisted of a combination of intravenous administration of oxymorphone (0.22 mg/kg), diazepam (0.17 mg/ kg) and sodium pentobarbital (150-250 mg to effect). The study was approved by the Henry Ford Hospital Care of Experimental Animals Committee and conformed to the 'Position of the American Heart Association on Research Animal Use' [12] .
Study Protocol
Two weeks after the last embolization, the dogs underwent a prerandomization left and right cardiac catheterization. One day later, they were randomized to 3 months of oral monotherapy with low-dose (LD) RSV (0.5 mg once daily, n = 7), HD RSV (3.0 mg once daily, n = 7) or no therapy at all (Control, n = 7). At the end of the follow-up period, a final left and right cardiac catheterization was performed, then under general anesthesia the chest was opened and the heart rapidly removed for subsequent histological and biochemical examination. LV tissue samples were likewise obtained and processed from 6 normal dogs for comparisons. The results of the hemodynamic, angiographic and histomorphometric analyses performed on the dogs enrolled in the study were published previously [3] .
mRNA and Protein Expression
All tissue samples were submitted for analysis without treatment regimen identifiers. mRNA expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), prohypertrophic mediator NGFI-A binding protein 1 (Nab1), phosphatase and tensin homolog (PTEN), phosphoinositide-3 kinase (PI3K) and mammalian target of rapamycin (mTOR) were measured, as well as that of the proinflammatory cytokines interleukin-6 (IL-6), BMSC markers cKit and Sca1 [3] , vascular endothelial and fibroblast growth factors (VEGF and FGF) and endothelial, inducible and neuronal NOS (eNOS, iNOS and nNOS) isoforms. Total RNA with an absorbance ratio (260 nm/280 nm) above 1.7 was isolated from frozen LV tissue and approximately 4-10 g RNA was reverse-transcribed into cDNA in an assay volume of 80 l as described previously [13, 14] . Protein levels of Nab1, PTEN, PI3K, mTOR, IL-6, cKit, Sca1, VEGF, FGF, eNOS, iNOS and nNOS were measured in LV homogenate by Western blots as described previously [13, 14] . Primary antibodies specific to each protein were diluted based on the supplier's instructions (Santa Cruz Biotechnology Inc., Santa Cruz and Chemicon, Temecula, Calif., Cell Signalling, Danvers, Mass. and BD Biosciences). In all instances, the antibody was present in excess over the antigen and the density of each protein band was in the linear scale. Band intensities were quantified in densitometric units.
Statistical Analysis
In the original study [3] , a power calculation based on LV EF as being the primary end point of interest, a sample size of n = 7 per study group was sufficient to provide 80% power to detect effect sizes of 1.52 standard deviations or more by Student t test. In this study, between-groups comparisons were performed by using a 1-way analysis of variance (ANOVA), with ␣ set at 0.05. If significance was attained, pairwise comparisons were performed by means of the Newman-Keuls test, with p ! 0.05 considered significant. All the data are reported as the mean 8 SEM.
Results
The results of the hemodynamic, angiographic and histomorphometric analyses performed on the dogs enrolled in the study have been previously reported [3] . All dogs were normocholesterolemic and no significant differences in total cholesterol and tryglicerides levels were observed at any of the study time points [3] .
Effect of RSV on Prohypertrophic Mediators and Proinflammatory Cytokines
Results of mRNA expression of all selected genes and GADPH are shown in table 1 and in figure 1 . The mRNA expression of Nab1, PTEN, PI3K and mTOR was increased in the control HF dogs compared to the normal dogs. Both doses of RSV reduced the levels of Nab1, mTOR, PTEN and PI3K, but the change reached significance only for PTEN with HD RSV. mRNA expression of IL-6 was significantly upregulated in the controls. LD Table 1 . m RNA expression of all studied genes in densitometric units
HD RSV (n = 7) RSV therapy was associated with a modest but insignificant reduction of IL-6 levels, while HD RSV therapy normalized mRNA expression of IL-6. Results of protein expression of prohypertrophic and proinflammatory mediators are shown in table 2 and in figure 2 . The protein expression of Nab1, PTEN, PI3K and mTOR was significantly increased in the controls compared to the normal dogs. Therapy with both doses of RSV significantly decreased levels of PTEN, PI3K and mTOR compared to the controls, with a more significant reduction seen in the HD RSV-treated dogs. Conversely, only HD RSV treatment was associated with a significant reduction in Nab1 levels which were restored to near-normal values. IL-6 expression was upregulated in the controls compared to the normal dogs. Table 1 and figure 1 summarize the results of the mRNA expression of VEGF, FGF, cKit and Sca1. VEGF and FGF mRNA expression was significantly reduced, while that of cKit and Sca1 significantly increased in the controls compared to the normal dogs. LD RSV and HD RSV significantly increased the mRNA expression of VEGF with near-normal levels being restored. Only HD RSV was associated with the normalization of FGF expression. mRNA expression of both cKit and Sca1 increased significantly with both LD and HD RSV when compared to normal dogs. The ckit levels were further increased significantly with HD RSV (as compared to controls). The effects of RSV therapy on the protein expression of VEGF and FGF, and of cKit and Sca1 are shown in figure 3 and in table 2 , respectively. The expression of VEGF and FGF was significantly downregulated in the controls compared to the normal dogs. Three months of RSV therapy restored VEGF and FGF expression to near-normal levels. Protein expression of cKit and Sca1 was significantly enhanced in the controls, and further increases (compared to with the normal dogs) were attained after long-term treatment with both LD RSV and HD RSV.
Effect of RSV on Growth Factors and Stem Cell Markers
Effect of RSV on NOS Isoforms
Results of the mRNA expression of NOS isoforms are shown in table 1 and in figure 1 . mRNA expression of eNOS decreased and that of nNOS increased significantly in the controls compared to the normal dogs. mRNA expression of iNOS tended to increase in the controls, but this did not reach statistical significance. LD RSV restored the expression of eNOS to normal levels and reduced, albeit to a lesser extent than HD RSV, both iNOS and nNOS. HD RSV therapy significantly decreased the mRNA expression of nNOS and iNOS and tended to increase the expression of eNOS, but not significantly.
Results of the protein levels of NOS isoforms are shown in table 3 and in figure 2 . Protein levels of eNOS decreased significantly, and those of iNOS and nNOS increased significantly in the controls compared to the normal dogs. LD RSV therapy tended to increase the protein expression of eNOS which was restored to near-normal values by HD RSV. Treatment with both LD RSV and HD RSV decreased the protein expression of nNOS and iNOS, but the decrease did not reach statistical significance.
Discussion
The use of statins in the clinical setting of HF has always been a matter of debate, beginning with the early pathophysiological controversy over their potentially harmful and potentially beneficial biological effects [15] , and reaching its climax in the post-CORONA (Controlled Rosuvastatin Multinational Study in Heart Failure) and post-GISSI-HF (Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto Miocardico Heart Failure trial) era [7, 8] . Overall, randomized controlled trials of RSV, simvastatin and atorvastatin in patients with HF have shown that statin therapy, although exerting neutral effects on cardiovascular and noncardiovascular mortality, ameliorates LV systolic function and reduces hospitalizations for worsening HF [9] . These positive effects may translate into significant benefits in terms of patients' quality of life and of the socioeconomic impact of the syndrome. In the CORONA trial, therapy with RSV in patients with mild to moderate HF showed positive effects on the primary end points [7] . The trial also demonstrated an overall reduction in hospitalization [7] . More recent evidence with higher doses of RSV (40 mg vs. the 10 mg used in the CORONA and GISSI-HF trials), comparable to that used in our studies, is particularly encouraging and suggestive of the more extensive antiremodeling and endothelial function-enhancing effects of more aggressive dosages [10] . It appears legitimate, therefore, to further explore the mechanisms potentially underlying the beneficial effects of these agents on the failing LV.
Earlier studies from our group showed that HD RSV prevents progressive LV dysfunction and remodeling in normocholesterolemic dogs with moderate HF via nonlipid-lowering beneficial effects [3] . Our study demonstrates that HD RSV exerts these beneficial effects on global and structural LV remodeling via the modulation of several molecular targets including Nab1, PTEN, PI3K, mTOR, IL6, cKit, Sca1, VEGF, FGF, eNOS, iNOS and nNOS. These genes are, in turn, mediators of different signaling pathways involved in the regulation of adaptive and maladaptive hypertrophy [16, 17] , inflammation [18] , BMSC mobilization, migration and differentiation [5, 6, 19] as well as cardiac and vascular function [20] . Taken together, these data do support the hypothesis that RSV possesses pleiotropic properties, which would account for the beneficial effects observed in our studies.
Maladaptive cardiac myocyte hypertrophy is one of the key features of the failing heart [21] . Statin therapy has been associated with antihypertrophic effects in experimental models of HF, likely related to the inhibition of the isoprenylation of small G-proteins, mainly Rac [22, 23] . We previously showed that both LD RSV and HD RSV are associated with a significant reduction of myocardial cross-sectional area, which is a measure of cardiomyocyte hypertrophy [3] . In this study, therapy with RSV was associated with a favorable modulation of molecular signaling pathways acting upstream of small G-proteins. Nab1 inhibits cardiomyocyte hypertrophy via the repression of the transcription factor Egr and is upregulated in conditions of pathological cardiac hypertrophy including experimental and human HF [24] . We observed that HD RSV induced a significant modulation of Nab1 overexpression down to levels similar to that seen in normal dogs. The PI3K/PTEN signaling is involved in the regulation of several cellular responses to physiological and pathological stimuli acting upstream of several effectors including Akt and mTOR [16, 17, 25] . Cardiovascular effects of the PI3K/PTEN axis include the modulation of cell survival and apoptosis, myocyte hypertrophy, myocardial contractility and electrophysiological properties, energy metabolism and mechanotransduction and coronary angiogenesis [16, 17] . PI3K activity has an essential role in basal cell growth and in adaptive (physiological) and maladaptive (pathological) hypertrophy [16, 17] . PI3K is activated in many forms of pathological hypertrophy, cardiomyopathy and advanced human HF [26, 27] , with Akt and mTOR likely being key mediators of such maladaption. In our study, HD RSV restored near-normal levels of both PI3K and mTOR mRNA and significantly reduced the protein expression of both genes. This suggests the PI3K/PTEN signaling pathway as a potentially novel molecular target for RSV in HF treatment. Selective inhibition of mTOR also has antiremodeling effects [28] which may be attained with RSV therapy.
It has been consistently shown that statins reduce inflammatory cytokines in experimental and human HF, potentially counteracting the deleterious effects of inflammation on HF pathogenesis and progression [2, [29] [30] [31] . In the CORONA trial, median levels of high-sensitivity C-reactive protein were reduced by 31.6% in the RSV group and increased by 5.5% in the placebo group with an absolute difference of 37.1% (p ! 0.001) [7] . In this study, HD RSV significantly decreased the HF-induced upregulation of IL-6. In a previous study, we showed that HD RSV also reduced the expression of TNF-␣ [3] . These cytokines are upregulated in HF and promote cardiomyocyte hypertrophy, apoptosis, reinduction of the fetal gene program and endothelial dysfunction, ultimately leading to worsening LV dysfunction and remodeling and reduced functional capacity [18] . The reduction of serum markers of inflammation such as TNF-␣ and IL-6 by means of statin treatment has been largely associated with improved LV EF and attenuated LV remodeling [29] .
Myocardial regeneration has been and still is regarded as a potential option to support the failing heart. Evidence is available that suggests statins are capable of promoting angiogenesis via the activation of the PI3K/Akt signaling pathway [4] . Accordingly, statin therapy may result in increased numbers of endothelial progenitor cells (EPCs), induction of EPC differentiation, improved EPC survival and VEGF-induced migration and myocardial colonization [4, 5] . In our study, RSV concomitantly upregulated the expression of stem cell markers and of VEGF and FGF, all of which possibly contribute to the observation of an increased capillary density, a finding potentially consistent with drug-induced myocardial neovascularization [3] . A limitation of this study is the absence of direct histological and/or biochemical studies in heart, tissue to support a potential causal association between the upregulation of growth factors and the development of neovascularization, and between the upregulation of stem cell markers and BMSC mobilization, migration and differentiation.
Lastly, we observed a near normalization of the expression of NOS isoforms associated with HD RSV therapy. nNOS and eNOS are constitutively present in the heart, while iNOS is expressed in disease states in response to inflammatory stimuli [20] . NOS isoforms contribute to the control of many cardiac and vascular functions and a perturbation of their balance is seen in cardiac disease. Disregulation of NO and increased oxidative and nitrosative stress are implicated in the genesis of HF [32, 33] . Inflammatory cytokine-induced downregulation of eNOS expression seems to play a major role in the genesis of endothelial dysfunction in HF. Supportive evidence indicates how statin therapy promotes the recovery of endothelial function through increased eNOS expression and reduced oxidative stress [34, 35] . Nonetheless, in an experimental model of myocardial infarction in wildtype and eNOS-deficient mice, increased eNOS availability was an essential requirement for the statin-induced improvement of EPC mobilization, myocardial neovascularization, LV dysfunction, interstitial fibrosis and survival [36] .
Despite evidence in support of a biological rationale for the use of statins in HF in our translational animal model, large randomized clinical trials of RSV in patients with HF failed to show a survival benefit conferred by statin therapy. A major difference between the animal model and the clinical trials is the issue of optimal background medical therapy which was in place in clinical trial patients but not in animal studies. In addition, the study in animals focused primarily on LV functional improvements resulting from RSV therapy, whereas large clinical trials focused primarily on mortality. A recent meta-analysis of randomized control trials of statins versus placebo in patients with HF clearly showed that statins improve LV EF and decrease hospitalization for worsening HF [9] . Although LV EF data are not available from the CORONA and GISSI-HF trials, data from smaller clinical studies with HD RSV in patients with HF are in line with findings in our translational animal model of HF. A recent study by Erbs et al. [10] reported a significant increase in LV EF driven primarily by a significant decrease in LV end-systolic volume in patients with systolic HF randomized to a 3-month therapy with 40 mg RSV compared to placebo. These findings are also in line with those of our animal model [3] .
In conclusion, the results of this study are suggestive of a pleiotropic effect of RSV, especially at higher doses, in the treatment of dogs with moderate HF. RSV pleiotropic properties include antihypertrophic, anti-inflammatory, BMSC mobilizing and proangiogenetic/myocardial regenerative effects elicited by the modulation of the expression of several molecular targets. Modulation of the PI3K/PTEN/Akt signaling pathway is a key mediator of the beneficial effects observed with chronic HD RSV monotherapy.
